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A COMPARISON OF CALCULATIONAL METt@OS FCR EBT REACTOR NUCLEONICS

R. J, Henninger, T. J. Seed, P. O. Soran and O. J. DuctziaK
Los Alamos Scientific Laboratory, Los Alamos, New Mexico

Abstract.—

Nucleonic calculations for a preliminary
conceptual design of the first wall/banket/
shield/coil assembly for an EBT reactor are
described. Two-dimer,sionalMonte Carlo, and
on?- and two-dimensional discrete-ordinates
calculations are compared, Good agreement
for the calculated values of tritium breeding
and nuclear heating is seen. We find that
the three methods are all useful and com-
plementary as a design of this type evolves.

1, Introduction

As the design of a fusion reactor
evolves it is important to have confidence in
the analysis tools and methods involved in
that design process. A part of the design is
to provide for the efficient recovery of
thermonuclear energy and to shield the super-
conducting coils. !dith these goals in mind
we have performed various nucleonic analyses
of a first wall/blenket/shield/?oil configu-
ration as part of a preliminary conceptual
design of a reactor based upon the Elmo Bumpy
Torus (EBT). The purpose of this paper is to
compare and contrast the results obtained by
two-dimcn~ional calculiitionsusing the con-
tinuous-energy Monte Carlo code MCNPi and
the discrete-ordinates code TRIETENT-CTR2,
and one-dimensional calculations using
0N[DANT3. The nuclear analysis techniques
to be applied to the unique EBT geometry are
thus tested for eventual use. The first
wall/blanket/shield/roil geometry that will
eventually be adcpted for further study will
differ in composition and dimensfon from that
adopted here, Nevertheless, the methods and
procedures described here will be applied in
future studies.

In the next section the first wall/
trlanket/shield/coil design is described.
This is followed by sections dealing with
Monte Carlo and discr~te-ordinates calcula-
tions, respectively, In the final s?ctions
the results of th?s@ calculations are com-
pared and conclusions are drawn about the
adequdcy of the methods chosen,

11. First Wall/Blanket/Shield/Coil
Cnnflouratlon

A steam/water-cooled li packed-bed
blanket that has been previous analyzed,”t
was selected here as a basis for the
nucleonic analysis. figure 1 depicts the
geometry used for the nucleonic computa-
tions. This configuration has been made
c~’llndricallysymmetric to conform wfth the
gtometric requirements of thr two-dimensional
nu~l-onic model, Table I gives the relevaflt
dimensions, and Tables 11 and 111 surrvnarize
pertinent dimensions and material composi-
tion, of each region, A5 seen from Fig. 1,
the basic calculational unit is one-half of
an tBTR sector, of which 42 would exist for
the nucleonic/thermohydrauli~ design se-
lected here, The configuration illustrated
in fig. 1 consists of a conically-shap~d
plasma chamber surrounded by a S-mm thick
water-cooled stainless-steel first wall and
a 0.60-m thick blanket assembly, The blanket
has the following functions: a) recover
fusion energy in the form of fusion neutrons,
secondary gamma rays and first-wall thermal
flux, b) breed tritium, dnd c) act in com-
bination with the shield to reduce to accept-
able levels the intensity of the radiation
incident on the supercontiuctin

!
magnets,

Surrounding the blanket assembly s a 0,6E1-m
thick shield, The shield i$ ~eparated from
the blanket by a 0,29-m thick maintenance
void, The shield attenuates the nuclear
radiation leaking from the blanket and may
serve as a thermal barrier between the
blanket and the superconducting magn?t coilb,
The magnet coil assembly is 0,414-m thick and
is isolated from the outer edge of the shield
by a i),47-mthick gap at the closest point of
contact. The degree to which voicisand gaps
have been incorporat.cd into this initial
estimate of the EDTR blanket/shield/coil
configuration has been gIIfdI’d in part by pa~t
designs,8 by the predictions of the magnetics
computations’, and by tho d~sire to mailltairl
an option fo7 additional blanket/shield/
structure orientations. iho first wall is a
“sandwiched” constructiorlof stairll~~s-steel
oute~’ rcqions with a watvr and stoirllrs$-
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steel inner region. The blanket assembly is
composed of stainless-steel structure,
lithium oxide fertile material, watf?rcoolant
and void. Stainless steel was chosen for the
structure because of its availability, ready
technology and its compatibility with the
lithium oxide over the operating temperature
range. Lithium oxide was chosen as the
tritium breeding material because of a
desire to use existing technologies, such as
a direct-cycle steam conversion system4’? ano
a stainless-steel blanket structure. The
Li20 packed bed would be cooled by radial
tiater/steamtubes,

The dimensions and composition of the
shield and magnet assemblies are given in
Table III. The shield Is modelled by S5 v/o
steel and 35 v/o berated water, whereas the
magnet assemblies consist of a copper matrix
surrounded by a stainless-steel jacket
(bobbin). On the outside of the magnet
assemblies is lncated a layer of concrete,
The torus would be located in this concrete
tunnel. The concrete was included in the
calculations to model its effect on the
heating in the magnet coil assemblies.

Two-dimensional calculations of {mpor-
tant thermal and nucleo~lic responses were
made by both Monte Carlo and discrete-
oldinates methods, The spatial and angular
variation of thz 2-D neutron source was
determined by an aux!l{ary Monte Car?o cal-
culation. The resllltsof the Monte Carlo
calculation were compa;’~dto the predictions
of one-dimensional and tw$-dimensional
deterministic calculations, These calcu-
lations and the .ompar!sons are descrfbed
in the rollow{ng scct{ons,

, Monte Carlo Model and Calcu}at{ons111 —.— -

The Monte Carlo nucleonic calculations
were perfonwci using the cont{cuous-energy
Monte Carlo code MCNP. The nuclear cross-
section data were obtafned form the RMCCS
and MCPL l{brarles, as described in Ref. 1,
and for the most p~rt consist of ENDF/B-IV.
Use of continuous-energy cross sectlnns
rlim{nates the approximations associated
~ith a multigroup approach, (~,g,, self-
shielding ~ffects end we{ghtfng functions).
All cal~ulations aru based on s coupled
neutron and photon trtnsport formulation
ii,ldused the keraa factor~ from the RMCCS
l{blary,

On the basis of the magnetfcs studies
reported in Ref. 7, it WJS determined that a
conical first wall would b~ sup~rior to a
pure~y cyllndrlcsi geometry. Furthermore,
since the plasma density uar{ed both in the
axial and the rad{~l d{rectfons, it was
necessary to develop an approprtittedescrip-

tion for the spatially-dependent neutron
source. Since the model adopted for this
nucleonic study consists of 42 sectors
arrayed in a toroidal geometry, the number
of sectors needed for a representative
nucleonic model became a question; ciif-
ferences between the neutron current at the
inboard versus the outboard locations of the
first wa~y also be important. A study
was performed to examine the effects of
spatial variation of the neutron source, the
number of sectors required by the calcu-
lation, the differences on the upper and
lower first wall and the angular distribution
of the outward-bound neutrons on the first
wall.

Figure 2 ii?ustrates the results of a
Monte Carlo sampling based on an n2 source
distribution and a parabollc density pro-
file. The variation of the neutron wall
loading along the toroial axis as a func-
tion of the number of sectors Included in
the calculation is shown, as is the neutron
wall loading variations at the inboard versus
outboard first-wall locations, In all c~ses
an n2 source distribution was sampled, the
neutrons were transported to the first wall
and the totai outward-directed uncollided
neutron flux was determined on nine conical
bands slung the toroidal axis for both the
inboard and outboard first-wall sections.
In studying the required number of sectors,
reflecti,~g boundary conditions were esta-
Llishec on each end of the sec~or array. For
each case approximately 500 000 points were
sampled, and the relative standard deviations
were computed to within 1X, Figure 2 shows a
~ 30% variation of neutron flux in the axial
direction with virtu~lly no v~riation in the
rad{al direction because of the cy?{ncfr{cal
approximation adopted for the nucleon{c
model. Furthermore,the results using thr(’e
and two half sectors are almost fdentical to
those for onc h~lf sector, demonstrating that
the use of a s{n~le half sector for the
nucleon{c calculation would be sufficient,
This conclusion is applied for all sub;cquent
nucleonic calculations.

The angular var{atio~ of the neutron
flux on the first wall closely follows a
COS20 distribution for the outward-directed
neutrons; the angle O {s measured between the
normal to the first wall and the neutron
direction, This conclusion was also incor-
porated In the source description for the
rema{ndcr o’ this study. All results are
normalized to an aver’qe neutron wall load{ng
of 1.0 MWtmP.

The spatial distribution of the trftium
breed{ng fs shown in Fig, 3, Ihe radial dis-
tonc~ is measured rulat!ve to the coil-plane
locat{on. Tritium production from 7Lf re-
actfons rrsults from neutrons w{th energy
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greater than * 2.5 MeV, which in this case
contributes z 23% to the total tritium pro-
duction.

The spatial distribution of the nuclear
heating rate in the first wall and blanket
assembly fs ;hown in Fig. 4 for a neutron
wall loading of 1.0 lfti/rs2.The heating rate
in ●ach of four axial segments (Fig. 1) is
shown. Segment 1 extends from the coit plane
to an axial position of 1.2 m segment 2 ex-
tends from 1.2 m to 2,23 sr,segment .3extends
frnm 2.23 m to 3.35 m, and segment 4 extends
from 3.35 m to the midplane. The radial
distance depicted on Fig. 4 is measured re-
lative t.o the coil plane. Peak heating in
the first-wall assembly occurs in segment 4
(9.3 F$d/m~). Peak heating in the blanket
assembly also occurs in se ment 4 of the9first radial cell (5.9 bfdm3). For the
assumed source distribution used in these
calculations the axial variation of neutron/
gamma-ray heating is acceptable from the
viewpoint of thermohydraulics.

Peak heating in the shield assembly
occurs in the ffrst shield cell of axial
segment 2 (0,16 MU/m$). The energy deposi-
tion rate decreases by o~er three ordars of
maqnitude through the shield. In the first
cell of the magnet assembl{ thepeakheatfng
rate is reduced to 9,2 If/m. Figure 5 illu-
strates the rad{al distribution of the
heating rate in the magnet assembly. Over
90% of the heating in the magnet is generat~d
by the secondary gansrrarays produced by
Lhermal neutron captures {n the stainless-
steel bobbins and the copper stabilizers.

IV. Oiscrete-Ordinates Models and
Calculations

A one-dimensional discrete-ordinate
calculation was conducted in parallel to the
Muf]te-Carlo analysis for several purposes,
ffrst, consistency checks were performed {n
the comparative analysis with the Monte Carlo
results, providing a confirmation of both the
modeling and the results, These comparative
calculations proved useful during the de-
bugging of the Monte Carlo calculations,
Secondly, the one-dimensional representation
of the EBTR blanket/shield/coils configura-
tion provided an opportunity to develop a
basis for accuracy estimates {n subsequent
one-dilnens{onalscopln

?!
calculations as the

de~ign evolves, {nclud ng eometrfc modeling
and multlgroup effects. t is shown below
that for certafn nucleon{c parameters, such
as nuclear heating and tr{tfum bre~d{ng, the
one-dimensional results are remarkabl close

Yto the two-dimensional Monte Car o and
d~sc’’ete-ord{nates results, Lastly, the
one”d{menstonal results prov{de detailed
r?dlal dfstrfbutlr,ns of response rates;
t!lesedata arc not In,lerent]y ava{~able fr~

a Monte Carlo analysis. All one-dimensional
analyses were performed with the discrete-
ordinates code 0NEDANT,2 using an S8 angular
quadrature and P3 scattering matrices. The
standard LASL 30 neutron and 12 gamma-ray
energy-group structure was mployed; cross-
section data are derived from ENDF/B-IV via
the MATXS library at the NMFECC.

—

.4 one-dimensional traverse through the
conical blanket/shield (Fig. 1) was selected
at average plasma and first-wall radii of
1.09 and 1.14 m, respectively. Continuing
radially through the outer steel shield
structural support to a radius of 2.69 m, the
traverse shifted axially and then was taken
radially through the TF coil and its
associated steel supports (bobtins) and con-
crete backing. Because the design s$own in
Fig. 1 is effectively two-dimensional, the
neutron source was averaged over the 4.47-m
half-sector length to give ~xactly the same
number of 14.1-MeV neutrons emitted over the
half-sector length. Because the first-wall
areas d;ftar between the conical walls of the
Monte Carlo model and the cylindrical walls
used In the one-dimensional discrete-
ordfnates model, the neutron ball loadings,
I were 1.0 and 1,06 MW/m2, respectively.w’

Figure 6 shows th- spatial distributions
of nevtron ard gamma-ray heating computed by
ONEIIANT for all regions. Similarly, Fig, 7
shows the spatial distribution of tritium
breeding.

For the geometry depicted in Fig. 1,
two-dimensional discrete-ordindtes calcula-
t;OllS wfe made by means of the TRIOINT-~TR
code, lhe TR?,DEN1-CTR calcu~~tions here
performed in S,-Pa and $4-PI modes, using tho
same 42-groud cross-section set as in
ONEOANT, The spatial anti angular distribu-
tions of plasma neutrons at the first wail

were used as a surface source for &he
TRIDENT-CTR calculations, This first-wall
distribution was the same ag that used in
the 140nteCarlo calculations,

V, co~~~ison of Nucleonic_Rgspons.*~—- —

A major response of int.ewst in ar~ fu-
sfon puwr reactor tritium
breeding. At this stagec~fc%~ de’~igneffort
neither the Monte Carlo (MrNP) nor discr.ete-
ord{nates (ONEDANT and TRIDENT-CTR) calcu-
lations include any stre~ming path$ in ducts
for pl~~mn hea.{ng or vacuu,fipumping sys+.ems,
so some margfn is requ{red above a tr{tium
breed{ng rat;o of un{ty, Also, Considering

that ~ 23% of the tritfum L)reed{ng ratfo {5

due to ‘L{ (n,n’t) 4Ne reactions, the
●vldenc~a that this reaction cross-sectfon
{s at least 15% over-est{mated {n theENDF/B
data files requires a further breedlngrnarg{n
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above unity. Final results for ONEDANT,
TRIDENT-CTR (P~), TRIDENT-CTR (Pl), and MCNP
are, respectively, breeding ratios of 1.174,
1.168, 1.168 and 1.169. Similarly,
~T~:eutron energy multiplications of 1.19,

1.18 and 1.15, respectively, were
foun~. Table IV presents selected ‘alues
of nuclear heat$ng from the four calcu-
lations. It can be seen that all four
calculations agree as to the breeding ratio
and the energy recovery in the shield and
blanket regions. Differences in the fi,’st-
wall heating rate can be explained by
differences between the 1-D and 2-0 source
distributions. The 2-O source neutrons were
more peaked in the outw~rd direction. This
led to the determination of fewer first-wall’
interactions by the TRIDENT-CTR and MCNP
calculations. With the exception of the
TRIDENT-CTR (Pl) calculation, the agreement
between nuclear heating values in the coils
is remarkably good, considering the large
attenuation of neutron and gamma-ray flux
through the blanket/sh{eld (of order 106).
The close agreement in integral CW3iltitieS
such as total tritium breeding and total
energy deposition is due in part to the fact
that cross sections and kerma factors were
in all cases derived mostly from ENDF/B-IV
data processed by the NJOY codeg. The
ONEDANT and Monte Carlo calculations indicate
that the shield is adequate to meet a
criterion of < 10-5 NW/mi in the iru~ercoil
supports, The detailed spatial distributions
of nuclear heating and tritium breeding, as
computed by TRIDENT-CTR with a P3 approxima-
tion, are show in Figs. 8-10, where the
contours represent isoresponse levels.
Figure 9 shows the total (neutron plus
ga,:=uray) Ileating in the TF coil, coil
supports and concrete backing The contours
shown are g~ven in ●qual logarithmic
decrements, with the maximum value of ~
10-s IfW/ms occurring at the surface facing
the blanket radially, and at the axial end of
the coil. The latter location of relatively
high heating rates indicates the importance
of radfat{on from the shield and concrete,
which enters the coil at its axial surface,
Based upon this result, further refinements
of this preliminary conceptual design, such
as local shielding around the coil, should
be considered.

VI. Conclusions

From the foregofng analysis we can draw
several ccnclus{ons. First, the l-Dasodcllng
appears to provide a vary acceptable level of
accLracy {n predicting trltium breedfng and
nuclear heating (with the possible exceptfon
of the first wall), mp{te the conical wall
geometry and non-uniform O-T neutron source
distribution. ThQ close agreement betwmn
the Monte Carlo and the three d{screte-
ord{nates calculations of tr{tlum breeding

and heating also implies that resonance self
shielding is not an important effect in this
design. Also, the comparison with
continuous-energy Monte Carlo calculations
again confirms the adequacy of the 42-group
energy structure used in the discrete-
ordinates analysis. Likewise, confidence was
gained in the adequacy of a P3 angular scat-
tering approximation and an s, angular
quadrature. Finally, we have seen that
detailed 2-O contour plot~ from TRIDENT-CTR,
not inherently available in Monte Carlo
calculations, are useful as the design
evolves.
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TABU! 1

EBTR DEsIGN PAMME~RS L%ED FCIR PRELIMINARY
BLANKE7/SHIELD NUCLEONIC CALCUIATIONS

?AMf!Em VALUE

Hsjor rsdims, Rp 60.0

First-wall rodius, rw(m) 0.91(’)

First-wall thickness, (-) 5.0

Blmket thickness, (B) 0.6

?loimteasnc~ void, (m) 0.29

Shield thickness, (m) 0.68

T’F-coil ianer radius, rc(m) 3.20

TF-coil thickness, (m) 0.41

TF-coil length, (m) 2.h(l

Concreta biological shield thicknesq, (m) 0.40

Half-sector length, (m) 4.4)

Plasu wol~, (m3/hslf sector) 20.78

First-wsll area, (mZ/half nector) 34,10

Number of sectors, N 42

Average neutron wall loading, lw(HV/m2) 1,0

(8)
rsdiu sc coil plane, which increases tn 1.5 m a’ the ●idrlsne for.
the COniCal firic wmll.

TABLE 11

MMKET ASSEHULYRATERIAM

Bl+t(d)

Blankc, structure(b)

MD DIMENSIONS

(al
~omulcd at COil plane, fir-t wall radius LO 0.91 m

(b) S3-2.3 ujo Cr; 1.3 v/o Ho; 96 wia Fe
(c]

~k V/O SS ●nd 66 VfO H20

“ 10 V/O H20 ●nd 35 ViO vcid‘d) 15 v/o SS; 60 wfo Li20,
(e)

blanket divided into 12 radial uaita,

5

0.9120

0.9140

0.9150

0.9k8]

0.9830-I .4569(C)

1.5100



TAMS 111

LIHENS:ONS AND CONPGSITIONS OF THE SHIELO ANO rIAGNET COILS

lTEn ?LATERIAL LENGTH (m) TH1cNNFss~——

Shield Aesembly

● Structure ~s(a) Full(b) 0.038

“ Sb.elding

materisl SS + H20 t H3B03(C) Full 0.517

“ Structure
~s(s) Full 0.116

Shield-msgnet Separation void 0.47

(at tbe closest contact point)

tlagnet coil ●ssembly

o Bobbin Ss(a) 1.202 0.05

$ coil Cu 1.202 0.26

- Sobbin
Ss(a)

1.202 0.10

Biological c.hield Concrete(d) Fu 11 0.40

—

‘a) 2.5 w~o Cr; 1.5 w/oHo; 96.Ov/oFe

(b) Full length of the one-h~lf <sctor is 4,47 ●

‘c) 65 v/o SS(a) ●nd 35 vjo borsted water, ,0
borhted wcter: lJ W/O H3S03, 19.78 e/o B.

‘d) Concrete composition (all uelgbt percents):’H (8,47?); o(60,40?)
Na (0,947]; tlg (0,3); Al (2.482

z Z5(~O)1;k;;m\74 ”’87); K (0685); C, (z,04tI];Fe (0,465). Density: .
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lM.S Iv

CIMPANSION OY Sf.LSCT’SD MUCtM8 NF.ATINc RATEs
(.)

ToTAL Nlli”!JM_~A~~~/s):.d i% or ToTA1.1 .
__— —.. . —.—- ---

----- TM_lLKNEES~.)VG1OII ONEDANT RCNP
TR[r)F.NT-cTn (P3)

___ .- —_.._ _. .— . .. ..-. —.—. ---- --. —-. —

F 1RsT k’AU 0005 0.3816.2) o 3213 61 0 lzl) 71

BLANKET 0.s9 S.401?3 .41 8,22[91. S] 8 b219b .2]

Sn I W &671 0.2112.41 0.2311 61 0.191217]

TRIOENT-CTR (P, )

0.3)11 ))

8.4119 JI.11

0.2012 2]

INNCR COIL 0.051 970(10 )”613 .0(10)-51 8 63(10 )- f12.6(10)”5) 11.8( lu)-613 .:(10)-51 il.3( 10)-614 o( 10)-5 ]

surmm

TF COIL 0.264 2.2 T(IO)”516.8( 10)-5) 1.22(10)-$16.7(10)-$1 2 34(10 )-’110(10)-51 2.62( 10)”517 ,9(10)-$]

ALL RSXIOIIS 1.116 S.99 8.17 8.94 8.96

——.

(a) B.sd .po? IIru~#.. WSII Iosdln& I NW/mz on conica’ wall in KW ●nd
TRIDF.NT-CTR C,6CUl#1i0118 (MOAN? ●qu*val**)t wall In*dins 88 I.OAI MAlm2.

rig. 1. Nuchonic mdol umd for two-diron-
cional raprem~ntat~on of ~ir-t-vail/
Blankat/Shlold/@ll Gaonatry,

1- A ONLY 1/2 SCCIOII
● TM*[C 1/2 S[c?oes

... n (OUT WMOI
t lnn[l It>2KC1ORS r-- ,“n>* ●ii Ilnomaol

- -——

06

p:&-:/—. A-__L_
0 ?0 40 60 m 100 I 20 140 tall. .

TOROIAL 01STM6CC (a/b IImt$ )

Fi@, 2. Toroidal depmdent of neutron wall
lnadin~ ●t inbosrd and outboard region-
a. ● function of numhr of halfaoctors
Included. Shown ●lno ia the pradlct~on

of en analytic (toroidal) !zadel(Raf. 7)
with both inboard ●nd outboard raoultm
beifignomelizad nepArat*ly,
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Fig. 9. Nuclear heating prof.?lain TF CO.I aa determined by TRIDENT-CTR.

TR I DCtJT - CTR

TRITIUHBRCEOIW lot/cm’)

RROIU51.1
0

Fig. 10. Tritiwn breeding prnflles in blanket ●s determined by TRIDENT-CTR.
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